Abstract The activation of the NLRP3 inflammasome signaling pathway plays an important role in the neuroinflammation in Alzheimer's disease (AD). In this study, we investigated the effects of JC-124, a rationally designed NLRP3 inflammasome inhibitor, on AD-related deficits in CRND8 APP transgenic mice (TgCRND8). We first demonstrated increased formation and activation of NLRP3 inflammasome in TgCRND8 mice compared to non-transgenic littermate controls, which was inhibited by the treatment with JC-124. Importantly, JC-124 treatment led to decreased levels of Aβ deposition and decreased levels of soluble and insoluble Aβ 1-42 in the brain of CRND8 mice which was accompanied by reduced β-cleavage of APP, reduced activation of microglia but enhanced astrocytosis. Oxidative stress was decreased and synaptophysin was increased in the CRND8 mice after JC-124 treatment, demonstrating a neuroprotective effect. Overall, these data demonstrated beneficial effects of JC-124 as a specific NLRP3 inflammasome inhibitor in AD mouse model and supported the further development of NLRP3 inflammasome inhibitors as a viable option for AD therapeutics.
Introduction
Alzheimer's disease (AD) is the most common type of dementia. Extracellular senile plaques composed of amyloid-β (Aβ) and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein, along with selective neuronal loss, are the neuropathological hallmarks of AD [1] . However, the mechanisms that lead to neuronal loss and pathogenesis of AD are not completely understood [2] . Among multiple pathogenic factors implicated, neuroinflammation is believed to play a critical role in the course of the disease: Levels of inflammatory mediators, such as C-reactive protein, complement factors, chemokines, and inflammatory cytokines, are elevated long before the clinical symptoms of AD [3, 4] . There is strong correlation between systemic infection and the incidence of dementia [5] . Evidence suggests that prolonged use of nonsteroidal anti-inflammatory drugs can prevent or delay the onset of AD [6, 7] . Aβ deposition and chronic inflammatory responses interplay with each other to form a vicious cycle that expands the damaging effects [8, 9] . The identification of rare mutations in TREM2 gene, encoding TREM2 protein involved in innate immune response, that increase susceptibility to late-onset AD lends strong support for a causal role of neuroinflammation in the pathogenesis of AD [10, 11] .
A key event in the inflammatory pathway is the activation of inflammasomes, multiprotein complexes that typically consist of a cytoplasmic sensor/receptor, an adaptor protein apoptosis-associated speck-like protein (ASC) and caspase 1 [12] . The inflammasome provides the platform to activate caspase 1 by autoproteolytic cleavage of pro-caspase-1 to generate the two fragments (i.e., p20 and p10) which forms a tetrameric form of the active caspase-1 that mediates proinflammatory cytokines maturation [13, 14] . Several types of inflammasomes have been identified involving different sensors/receptors in the NOD-like receptor (NLR) family that initiates the assembly of the complex, among which the NLRP3 inflammasome is the best studied and implicated in AD pathogenesis [12, 15] . The inflammasome components, such as NLRP1, NLRP3, ASC, caspase-1, as well as downstream effectors, such as IL-1β and IL-18, are upregulated in AD patients both in mRNA level [16] and protein level [15] . NLRP3 inflammasome serves as a sensor of Aβ fibrils and mediates the recruitment of microglia to exogenous Aβ in the brain [17] . More importantly, genetic studies using Nlrp3 −/− or Casp1 −/− mice demonstrated that NLRP3 inflammasome deficiency protects APP/PS1 mice from loss of cognitive function and reduced amyloid deposition [15] . A similar genetic study demonstrated that ASC haplodeficiency also rescued spatial reference memory deficits and amyloid plaque loads in 5xFAD mice [18] . These studies strongly suggest that NLRP3 inflammasome inhibition represents a new therapeutic target for AD. Recently, we have developed small molecule and selective NLRP3 inhibitors [19] . Our prior studies demonstrated that the most potent one, JC-124, inhibits the formation of NLRP3 inflammasomes and the activation of caspase-1 and suppresses the production of IL-1β both in vitro and in vivo with beneficial effects in ischemic models [19] . In a separate study (not shown), we found significant levels of JC-124 in the brain tissues 1 h after oral administration, suggesting that JC124 is a BBB penetrant. Herein, we report the rescuing effects of this new NLRP3 inflammasome inhibitor in the CRND8 APP Tg mouse model.
Methods and Materials
Animals and JC-124 Treatment CRND8 mice (n = 8, half male and half female, 9 months old) carrying the AβPP695 gene with double mutations at KM670/ 671/NL (Swedish mutation), along with V717F (Indiana mutation) on a C3H/He-C57BL/6 background were used in this study. The CRND8 mice were obtained from University of Toronto under a MTA and maintained at Case Western Reserve University. As a widely used AD mouse model, CRND8 mice demonstrate behavioral deficit along with Thioflavine S-positive Aβ deposit at 3 months of age and dense core plaques and neuritic pathology apparent at 5-6 months [20] . Other pathological changes such as increased oxidative stress, neuroinflammation, and synaptic abnormalities were also reported in this model [21, 22] .
All animals were group housed and provided ad libitum access to food and water and maintained on a 12-h light/ dark cycle. All animals were treated following approved protocols by The Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University, and experimental groups (JC-124 treated or vehicle treated) were determined in a random fashion matched with gender. JC-124 was dissolved in poly(ethylene glycol) BioUltra 400 (SIGMA Aldrich 91893). Body weight, appetite, and behavior after injection were closely monitored. Experimental animals were administered either vehicle or JC-124 (50 mg/kg/day) by intraperitoneal injection. Mice were treated five times per week for four consecutive weeks. One JC-124-treated male mouse died during treatment.
Tissue Collection
After injection for 4 weeks, mice were sacrificed. The brains were carefully removed, and the hemispheres were separated. Right hemispheres were fixed in 4% paraformaldehyde for immunohistochemical analyses, and the cortex and hippocampus were dissected from the left hemispheres, frozen on dry ice and stored at −80°C for biochemical studies. Brain tissue for immunohistochemistry was embedded in paraffin and sectioned with a microtome. Twenty-five slides with four sagittal sections (6 μm) on each slide containing the hippocampus and cortical regions were cut, and slides were numbered in order and used for quantitative analysis.
Immunohistochemistry
Paraffin sections were deparaffinized in xylene and rehydrated by serially dipping into 100, 95, 70, and 50% ethanol to PBS. Antigen retrieval through pressure cooking was used for some experiments (Biocare Medical, Concord, MA, USA). The slides were blocked for 30 min in 10% normal goat serum (NGS) in PBS, and then sections were incubated overnight at 4°C with the following primary antibodies: anti-caspase-1 p10 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-amyloid oligomers (NU-2, 1:2000 [23] ), antiamyloid 1-16 (82E1, 1:250, Immunobiological Laboratories, Minneapolis, MN, USA), anti-Iba-1 (1:250, Wako, Osaka, Japan), anti-HNE (1:100, Alpha Diagnostics Intl. Inc., San Antonio, TX, USA), and anti-GFAP (1:100, Invitrogen, Carlsbad, CA, USA). Species-specific secondary antibodies and PAP complexes were added in sequence for 30 min and 1 h, and then visualized with diaminobenzidine (DAB, Dako). Some sections were counterstained with hematoxylin staining, for 3 min followed by dip in acid alcohol. Slides were dehydrated through ascending ethanol to xylene and then coverslipped. Double staining was also used for some experiments with one antibody detected with DABperoxidase method and the second antibody detected with FastBlue using the alkaline phosphatase method as we previously described [24] . Brain sections were visualized using Zeiss Axiophot system, and images were obtained with Zeiss Axiovision.
Aβ Plaque Quantification
To quantify the amyloid plaque burden in cerebral cortex and hippocampus areas, a total of five sections approximately 140 μm apart, starting with the first section in which the hippocampus was visible, were immunostained with the NU2 and 82E1 antibodies. For image analysis, the cortex was imaged using a ×1.25 objective and the hippocampus was imaged using a ×5 objective. The percent area immunostained was quantified using Axiovision image analysis software (Zeiss) under the same conditions and at the same time.
Microglia Activation State Classification
Microglia activation state was determined using parameters of size, shape, and number of branches as outlined previously [25] . To quantify the number of plaques invaded with different types of microglia, the large cortical plaques at least 50 μm in diameter (at least n-10 per animal) were analyzed with the genotype blinded to the technician. The total number of microglia in the cortex was quantified using the Axiovision image analysis software (Zeiss).
Aβ ELISA
Hippocampus tissues were sequentially homogenized in TBS, in 1% Triton X-100 in TBS (TBS-TX buffer), and then in 5 M Guandine-HCl in TBS, with all the homogenization buffers containing 1× protease inhibitors and 1× phosphatase inhibitors (Roche Diagnostics). After homogenization, samples in TBS and TBS-TX buffer were centrifuged at 17,500g for 30 min at 4°C and samples in Guandine-HCl were centrifuged at 16,000g for 30 min at 4°C. The supernatants were collected at each step for enzyme-linked immunosorbent assay (ELISA), and pellets were used for subsequent extraction steps. Human Aβ 42 ELISA Kit (Invitrogen) was used.
Western Blotting Assay
Dissected cortices were homogenized in cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) with added phosphatase inhibitors, protease inhibitors (Roche), and PMSF (1 mM). After homogenates were centrifuged at 18000 rcf for 15 min at 4°C, the supernatants were collected and stored at −80°C. Proteins (20 μg per lane) were separated by electrophoresis on polyacrylamide gels (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes (Millipore Corporation, Billerica, MA, USA) for western blotting as previously described [26] . After blocking with 10% nonfat milk in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T), proteins were probed with primary antibodies overnight at 4°C: anti-NLRP3 (1:500, Novus Biologicals, Littleton, CO, USA), anti-ASC (1:1000, Novus Biologicals), anti-caspase-1 (1:1000, Cell Signaling Technology, Danvers, MA, USA), 22C11 (1:2000, Millipore, Billerica, MA, USA), 82E1 (1:2000, Immunobiological Laboratories, Minneapolis, MN, USA), HO-1 (1:1000, Enzo Life Sciences, NY, USA), GFAP (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), synaptophysin (1:5000, Abcam, Cambridge, UK), and GAPDH (1:10,000, Cell Signaling Technologies). Then, the blots were rinsed in TBS-T and the proteins of interest were applied with HRP-labeled rabbit or mouse secondary antibodies at 1:10,000 dilution (Cell Signaling Technology, Danvers, MA, USA). After rinsing in TBS-T, membranes were incubated in a luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and developed on X-ray film. The density of each immunoreactive band was measured using ImageJ software program (http://imagej.nih.gov/ij/). GAPDH levels were used as internal loading control.
Statistical Analysis
All values were expressed as mean ± SEM of each samples. Samples were analyzed using Student's t test. P < 0.05 was considered statistically significant.
Results

NLRP3 Inflammasome Signaling Pathway Is Activated in TgCRND8 Mice
We first determined whether NLRP3 inflammasome signaling pathway is activated in the brain of CRND8 APP transgenic mice by examining the expression of NLRP3, ASC, and cleavage of caspase 1. Western blot analysis of cortical homogenates revealed that expression of NLRP3 and ASC is significantly increased in TgCRND8 mice compared to nonTg littermate controls (P < 0.05; Fig. 1a-c) . More importantly, while pro-caspase 1 levels remained unchanged, significantly increased amounts of cleaved caspase 1 (p20) were observed in the cortical lysates from TgCRND8 mice compared with that from non-Tg littermate controls (P < 0.01; Fig. 1a, d ). Immunohistochemical staining with antibody recognizing cleaved caspase-1 p10 was also performed. Diffusive staining with tiny granular structures was often noted in both neurons and glial cells in the cortex and hippocampus of non-Tg control mouse. Some cells contained more than two, often relatively smaller, granules. Interestingly, much larger granules with more intensive immunostaining, usually one to two per cell, were found in the perinuclear area in many neurons and glial cells in TgCRND8 mouse brain (Fig. 1e) . Quantification revealed that the average size of p10-positive granules in the TgCRND8 mice was significantly larger than that in the nonTg littermate control mice (P < 0.001; Fig. 1f ).
JC-124 Inhibits the NLRP3 Signaling in TgCRND8 Mice
We previously demonstrated that JC-124 selectively inhibits the NLRP3 inflammasome signaling and limits infarct size following myocardial ischemia/reperfusion in vivo [19] . Given that we demonstrated the activation of NLRP3 inflammasome in the TgCRND8 mice, we next determined whether JC-124 could inhibit NLRP3 inflammasome signaling and exert protective effects in these mice. Nine-month-old TgCRND8 mice were treated with JC-124 (50 mg/kg daily, i.p. injection) for 1 month. Western blot analysis of cortical homogenates demonstrated significantly reduced levels of cleaved caspase-1 in JC-124-treated TgCRND8 mice compared with the TgCRND8 mice without treatment (P < 0.05; Fig. 2a,  b) , confirming that JC-124 treatment led to inhibition of NLRP-3 inflammasome signaling in the brain of TgCRND8 mice. Consistently, immunohistochemical staining with antibody against cleaved caspase-1 p10 demonstrated that the average size of the p10-positive granules was also significantly reduced in the brain of TgCRND8 mice treated with JC-124 (P < 0.05; Fig. 2c,  d ).
JC-124 Decreases Aβ Deposition in TgCRND8 Mice
In the brain of TgCRND8 mice, amyloid plaques begin to form at 3 months of age and become readily observed after 6 months of age and continue to increase with aging [20] . To assess the effects of JC-124 on Aβ deposition, immunohistochemical study using the 82E1 antibody against the Aβ residue 1-16 was performed (Fig. 3a, top) . Abundant large amyloid plaques were present in the cortex (Fig. 3a) and hippocampus (not shown) of TgCRND8 mice without JC-124 treatment, while much smaller and fewer amyloid plaques were found in the TgCRND8 mice treated with JC-124. Quantification of area occupied by the amyloid plaques as an index for amyloid load confirmed a significant reduction in amyloid deposition (P < 0.05; Fig. 3b ) and a significant decrease in the average size of the amyloid plaques (P < 0.01; Fig. 3c ) in TgCRND8 mice after JC-124 treatment. It is believed that oligomeric Aβ plays an important pathogenic role in AD. We further measured the effect of JC-124 on the accumulation of oligomeric Aβ by utilizing the NU2 antibody that specifically detects Aβ oligomers (Fig. 3a,  bottom) . We found that JC-124 treatment also led to significantly reduced Aβ oligomer deposition in the cortex and hippocampus (P < 0.05; Fig. 3d and P < 0.001; Fig. 3e ). Representative western blot of cortical homogenates (a) and quantification analysis (b-d) revealed that the levels of NLRP3, ASC, and cleaved caspase 1 (p20 cleavage product) were significantly increased in 10-month-old CRND8 mice compared to non-transgenic WT littermate controls. GAPDH was used as an internal loading control. e Representative immunohistochemistry of caspase-1 p10 antibody (brown), a marker for activated capase-1, and sections counterstained with hematoxylin (blue). Scale bar represents 20 μm. f Images of the CA1 area of the hippocampus were analyzed by measuring the average size of caspase-1 p10-positive specks in pyramidal neurons which revealed significantly larger p10-positive specks in the CRND8 mice. Data represent mean ± SEM, Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001 (Color figure online)
JC-124 Reduces β-Cleavage of APP and Aβ Production
The level of Aβ, especially Aβ , is essential to the process of amyloid deposition in AD. To complement our immunohistochemical analysis, we determined the levels of TBS-soluble, TBS-Triton X-100 (TBS-TX)-soluble, and GuHCl-extracted Aβ in the CRND8 mouse brain by ELISA. The aggregated Aβ 1-42 is dissolvable in GuHCl and , d) , and the average size of Aβ plaques was also quantified (c, e). Data represent mean ± SEM, Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001 Fig. 2 Effect of JC-124 on NLRP3 inflammasome activation in TgCRND8 mice. Representative western blot of cortical homogenates (a) and quantification analysis (b) revealed that the levels of cleaved caspase 1 (p20 cleavage product) were significantly decreased in JC-124 treated CRND8 mice compared to vehicle-treated CRND8 mice. GAPDH was used as an internal loading control. c Representative immunohistochemistry of caspase-1 p10 antibody (brown) and sections counterstained with hematoxylin (blue) in the hippocampus of JC-124-treated and vehicle-treated CRND8 mice. Scale bar represents 20 μm. d Images of the CA1 area of the hippocampus were analyzed by measuring the average size of caspase-1 p10-positive specks in pyramidal neurons which revealed a significant decrease in the average size of these p10-positive specks in the JC-124-treated CRND8 mice compared to vehicletreated CRND8 mice. Data represent mean ± SEM, Student's t test, *P < 0.05 (Color figure online) Aβ in GuHCl extracts of brain are strongly associated with amyloid burden visualized by immunohistochemistry [27] . Consistent with the observation of reduced amyloid plaque loads after JC-124 treatment, Aβ 1-42 content in GuHCl extracts was significantly reduced in TgCRND8 mice treated with JC-124 (P < 0.05; Fig. 4c ). The levels of soluble Aβ in both the TBS and TBS-TX extracts were also significantly reduced in the TgCRND8 mice after JC-124 treatment (P < 0.05; Fig. 4a, b) , suggesting likely changes in Aβ production and/or clearance.
Aβ is produced by the sequential β-secretase and γ-secretase proteolytic cleavage of Aβ precursor protein (APP) [28] , and β-C-terminal fragment of APP (β-CTF) is the product of β-secretase cleavage [28, 29] . Western blot analysis of cortical homogenates demonstrated that the levels of full length APP were not affected by the treatment of JC-124 (Fig. 4e) . However, the levels of β-CTF were reduced in the TgCRND8 mice treated with JC-124 (P = 0.05; Fig. 4f ). These data indicated that JC-124 treatment caused reduced cleavage of APP by β-secretase.
JC-124 Reduces Microgliosis But Increases Astrocytosis in TgCRND8 Mice
It was suggested that NLRP3 inflammasome signaling pathway enhances AD progression by mediating a harmful inflammatory tissue response. Microglia are the resident inflammatory cells in the brain, are highly activated in the brain of AD patients [30, 31] and animal models [32, 33] , and are widely examined as a neuroinflammation marker for AD research [34] . We therefore examined the number and activation state of microglia by immunohistochemistry using Iba1 antibody (Fig. 5a ). The total number of Iba-1 positive microglia was significantly decreased in the TgCRND8 mice treated with JC-124 (P < 0.05; Fig. 5b ). Interestingly, we found that in the vehicle-treated CRND8 mice, NU2-positive plaques are closely associated with type III/IV microglia which are the more activated glial cell types (Fig. 5a) . However, JC-124 treatment decreased the plaques associated with type III/IV microglial cells but increased the population of plaques associated only with less active Type I/II microglia (P = 0.13; Fig. 5c ). Collectively, these data supported that JC-124 reduced microglial-dependent tissue inflammatory response.
Astrocytes are also involved in inflammatory response and phagocytosis [35, 36] , and we then used a GFAP antibody, a sensitive and reliable marker that labels most reactive astrocytes that are responding to CNS injuries. Western blot of cortical homogenates demonstrated a significant increase in the expression of GFAP in the brain of TgCRND8 mice treated with JC-124 compared to those without treatment (P < 0.05; Fig. 6a, b) . Consistent with the western blot data, immunohistochemical analysis also revealed significantly increased astrocytosis quantified by the area stained (P < 0.05; Fig. 6c, d) . Collectively, these data demonstrated that JC-124 treatment caused increased astrocytosis in TgCRND8 mice.
JC-124 Reduces Oxidative Stress in TgCRND8 Mice After Long-Term Treatment
Oxidative stress is a prominent early feature in AD [37] and closely correlates with inflammasome formation and inflammation [38, 39] . Furthermore, activated microglia can promote the release of reactive oxygen species (ROS). To determine whether JC-124 has protective effects on oxidative stress in TgCRND8 mice, two widely used oxidative stress markers in AD models, namely HO-1 and HNE, were measured. Notably, treatment of TgCRND8 mice with JC-124 significantly reduced the level of HO-1 (P < 0.05; Fig. 7a, b) , an inducible isoform in response to oxidative stress. JC-124 treatment also resulted in a decrease of neuronal HNE level (P = 0.0971; Fig. 7c,  d ), a marker of lipid peroxidation. These results suggested that JC-124 treatment reduced oxidative stress in the TgCRND8 mice. The total number of Iba-1-positive microglia was quantified as cell number per square millimeter. c Percentage number of plaques associated with type I/II microglia was quantified. Data represent mean ± SEM, Student's t test, *P < 0.05 Fig. 6 Effect of JC-124 on astrocytosis in TgCRND8 mice. Representative western blot of cortical homogenates (a) and quantification analysis (b) revealed that the levels of GFAP were significantly increased in JC-124-treated CRND8 mice compared to vehicle-treated CRND8 mice. GAPDH was used as an internal loading control. c Representative immunohistochemistry of anti-GFAP antibody in the cortex of JC-124-treated and vehicle-treated CRND8 mice. Scale bar represents 50 μm. d % area stained by GFAP was quantified. Data represent mean ± SEM, Student's t test, *P < 0.05
Treatment of TgCRND8 Mice with JC-124 Improves the Level of Synaptic Marker
Synaptic dysfunction is an early event in AD patients and correlates well with cognitive impairment during the course of disease [40] . To evaluate the effects of JC-124 on synaptic pathology, we examined the levels of synaptophysin (Fig. 8a) , a presynaptic marker. There was significantly increased levels of synaptophysin expression in the TgCRND8 mice treated with JC-124 compared with those without JC-124 treatment (P < 0.05; Fig. 8b) , suggesting a synaptoprotective effect of JC-124 in the TgCRND8 mice.
Discussion
Previous genetic studies suggested that inhibition of NLRP3 inflammasome signaling pathway is a potential therapeutic target for AD. Indeed, two most recent studies demonstrated promising neuroprotective effects of fenamate NSAIDs and MCC950 as NLRP3 inflammasome inhibitors in AD mouse models [41, 42] . The major purpose of this study was to test whether a selective NLRP3 inhibitor that we recently developed could rescue the AD-associated deficits in an AD animal model. In this study, we used the CRND8 APP transgenic mouse model which develops AD-relevant pathological deficits. We first demonstrated that NLRP3 signaling pathway is activated in CRND8 APP Tg mice as evidenced by the increased expression of NLRP3 and ASC as well as increased cleavage of caspase 1 compared with non-Tg littermate controls. This is consistent with prior studies demonstrating extensive caspase-1 cleavage and activation in human patients with mild cognitive impairment and with AD, as well as in the brain of APP/PS1 transgenic model [15] , thus making Representative western blot of cortical homogenates (a) and quantification analysis (b) revealed that the levels of synaptophysin were significantly increased in JC-124-treated CRND8 mice compared to vehicle-treated CRND8 mice. GAPDH was used as an internal loading control. Data represent mean ± SEM, Student's t test, *P < 0.05
TgCRND8 mouse a suitable model to study the effects of NLRP3 inflammasome inhibition on AD-related deficits. One-month treatment of JC-124, a selective inflammasome inhibitor, of the TgCRND8 mice indeed reduced caspase-1 cleavage and activation. Importantly, JC-124 treatment led to alleviation of AD-associated deficits such as reduced amyloid pathology, reduced microgliosis, and oxidative stress, and increased synaptic markers and astrocytosis in the TgCRND8 mice, thus supporting the further development of NLRP3 inflammasome inhibitors as a viable option for AD therapeutics.
Compared with prior genetic studies [15, 18] , there are several important aspects of our study to be noted. Of course, the common major finding is that inhibition of NLRP3 inflammasome either by genetic deficiency such as that published in the prior studies [15, 18] or by pharmaceutical methods such as being demonstrated here resulted in decreased Aβ deposition and positively impacted other ADrelevant deficits in AD mouse models. The reduced amyloid deposition could be due to reduced Aβ production, aggregation, and/or increased clearance. Although both studies demonstrated significantly reduced levels of Aβ after NLRP3 inflammasome inhibition, no significant changes in the production of β-CTF were seen in APP/PS1/Nlrp −/− compared with APP/PS1 mice [15] , suggesting that Aβ production is not affected in this genetic inhibition study and instead the authors suggested enhanced clearance. However, we demonstrated reduced β-CTF production in the TgCRND8 mice treated with JC-124, suggesting that the effects of JC-124 on reduced plaque loads also involve reduced β-cleavage of APP and reduced Aβ production. While it remains to be determined whether JC-124 directly inhibits β-secretase activity, it is possible that JC-124 reduces β-secretase activity through reduced inflammatory response since proinflammatory cytokines are known to potentiate BACE1 expression and activity through PPARγ depletion [43] and inflammation inhibition led to reduced BACE1 activity [44] . Since Aβ aggregation and plaque formation are enhanced in the condition of inflammatory response through nitrating Aβ at tyrosine 10 by nitric oxide [45] , reduced inflammation and oxidative stress could contribute to the reduced Aβ deposition in both studies. One important distinction between the prior genetic inhibition study and the current pharmaceutical inhibition study is that the genetic studies involve NLRP3 inhibition since the mouse was born while our study began the treatment since 9 months of age. At this age, TgCRND8 mice have developed extensive amyloid pathology. Therefore, our treatment regimen closely mimicked the likely treatment scheme with AD patients that already developed amyloid pathology. We thus demonstrated that inhibition of NLRP3 inflammasome pathway even at a relatively later point in the progression of amyloidosis is still effective in reversing the accumulation of amyloid pathology and positively impacting other ADrelevant deficits such as alleviation of oxidative stress and enhancement of synaptogenesis.
Another important distinction is the differential effects on microgliosis and astrocytosis. In the genetic inhibition studies, microglia-mediated phagocytosis was significantly increased in APP/PS1/Nlrp −/− and APP/PS1/Casp1 −/− mice compared to APP/PS1 mice which was suggested to be the major clearance pathway that leads to reduced Aβ levels and amyloid loads [15] . However, in our study, the total number of Iba-1-positive microglial cells was decreased and also those microglia associated with plaques became less activated in the TgCRND8 mice after JC-124 treatment. Interestingly, in the two most recent study using fenamate NSAIDs or MCC950 as NLRP3 inhibitors to treat mouse models of AD, active microglial cells were also reduced by the treatment in AD mouse models [41, 42] . These data suggest that microgliamediated phagocytosis is unlikely activated and responsible for amyloid plaque reduction in JC-124-treated TgCRND8 mice. Instead, we found significantly increased expression of GFAP and increased astrocytosis in the TgCRND8 mice after JC-124 treatment. The role of astrocytosis in the pathogenesis of AD remains controversial. Some evidences suggest that astrocytes contribute to enhanced neuroinflammation and potentiate the pathogenesis of AD, while other demonstrated that astrocytosis may contribute to degradation of plaques. For example, astrocytes express high level of IL-23 receptor, and uptake of Aβ by astrocytes may be enhanced by microgliaderived IL-12 p40 [46] . Adult mouse astrocytes have been shown to bind and degrade Aβ in brain sections from a human APP-expressing mouse model [35] , and astrocytes transplants internalized Aβ in APPswe/PS1dE9 mice [47] . Astrocytes have also been shown to impact Aβ by indirect mechanism such as by releasing lapidated apolipoprotein E and enhancing microglia phagocytosis of Aβ [36] . Importantly, a very recent study demonstrated that downregulation of inflammasome activity via ASC heterozygous expression increased phagocytosis in astrocytes in vitro and decreased amyloid load in vivo [18] . Our observation of significantly enhanced astrocytosis in the TgCRND8 mice after JC-124 treatment accompanied by decreased amyloid burden is consistent with the observation in ASC heplodeficiency study that appears to suggest the involvement of enhanced astrocytosis as a major clearance mechanism to degrade and reduce amyloid plaques in the brain after NLRP3 inflammasome inhibition. Synapse loss is the major pathology correlated to cognitive decline in AD [48, 49] . Synaptic plasticity is sensitive to IL-1β, and IL-1β has been demonstrated to disrupt the formation of dendritic spines, leading to the inhibition of BDNFdependent LTP through reducing TrkB-mediated BDNF signaling and the activation of p38 [50] . In this regard, it is of interest to note that, in our study, JC-124-treated TgCRND8 mice demonstrated significantly increased synaptophysin expression, likely through better preservation of synaptic plasticity due to presumably reduced IL-1β via NLRP3 inflammasome inhibition by JC-124. Consistent with the notion of better preserved synaptic plasticity after inflammasome inhibition, deficiency of NLRP3 or caspase-1 has been shown to lead to a complete protection from Aβ-induced suppression of memory and behavior in APP/PS1 mice [15] . Ablation of NLRP3 even ameliorated the age-related memory deficiency in the mice without experimental brain amyloidosis [51] .
In summary, in this study we demonstrated that treatment with JC-124, a small molecule NLRP3 inflammasome inhibitor, inhibits the caspase-1 cleavage and activation in the TgCRND8 mice which effectively reduced amyloid deposition and alleviated AD-associated deficits. Our results demonstrated that further development and characterization of NLRP3 inflammasome inhibitors as potential therapeutic agents for AD are warranted.
